Abstract-This paper presents results from the numerical modelling of the transport of atmospheric noble gases (He, Ne, Ar, Kr, Xe), tritiated water and 3 He produced by radioactive decay of 3 H, in unconsolidated lacustrine sediment. Two case studies are discussed: (1) the evolution of 3 H and 3 He concentrations in the sediment porewater of Lake Zug (Switzerland) from 1953 up to the present; and (2) the response of dissolved atmospheric noble gas concentrations in the sediment porewater of a subtropical lake to an abrupt climatic change that occurred some 10 kyr before the present. (1) Modelled 3 H and 3 He porewater concentrations are compared with recent data from Lake Zug. An estimate of the effective diffusion coefficients in the sediment porewater is derived using an original approach which is also applicable also to lakes for which the historical 3 H and 3 He concentrations in the water column are unknown. (2) The air/water partitioning of atmospheric noble gases is sensitive to water temperature and salinity, and thus provides a mechanism by which these environmental variables are recorded in the concentrations of atmospheric noble gases in lakes. We investigate the feasibility of using noble gas concentrations in the porewater of lacustrine sediments as a proxy for palaeoenvironmental conditions in lakes. Numerical modelling shows that heavy noble gases in sediment porewater, because of their comparatively small diffusion coefficients and the strong temperature sensitivity of their equilibrium concentrations, can preserve concentrations corresponding to past lake temperatures over times on the order of 10 kyr. Noble gas analysis of sediment porewaters therefore promises to yield valuable quantitative information on the past environmental states of lakes.
INTRODUCTION
Atmospheric noble gases in groundwater have been successfully employed as proxies for palaeoclimate reconstruction. Transient tracers, such as 3 H, tritiogenic 3 He and terrigenic/ radiogenic 4 He, have been employed to study ground-water flow dynamics and to determine residence times. The same methodological concepts as those used in groundwater studies have been applied to lakes in order to quantify the renewal rate of the water body and its mixing dynamics, and to investigate recent lake level fluctuations. For a recent review of noble-gas and 3 H tracer methodology in aquatic systems see Stute and Schlosser (2000) or Kipfer et al. (2002) .
In lakes, temperature (T) and mineralisation or salinity (S) control the exchange of water between the surface and the depths. The concentrations of noble gases in lake water lie close to the saturation concentrations that correspond to the T, S, and atmospheric pressure (p) conditions that prevailed at the lake surface during times of intense mixing, with small excess concentrations being caused by breaking waves (AeschbachHertig et al., 1999; Peeters et al., 2000; Kipfer et al., 2002) . Hence, noble gas concentrations in lake water reflect the climatic conditions on which T, S, and p depend. In the absence of external water infiltration, the sediment porewater originates from lake water that is being incorporated into the sediment during sediment accumulation, and therefore represents a potential noble gas archive of past climatic forcing and of the mixing dynamics of a lake.
To our knowledge, only sporadic research has been conducted on dissolved noble gases in lacustrine sediments. Barnes and Bieri (1976) have studied the flux of terrigenic He through marine sediments, and Stephenson et al. (1994) have estimated the advective groundwater input into shallow lake systems by analysing vertical He concentration gradients in the sediment porewater. In a recent experimental study (Brennwald et al., 2004) , conservative noble gas concentrations in the sediment porewater of Lake Issyk-Kul were interpreted in terms of water salinity and lake level in the past. However, there is a lack of conceptual understanding of the potential of sediment porewater as a palaeoenvironmental noble gas archive. A first attempt to close this gap is presented in this paper.
Because solutes are subject to diffusive transport, the noble gas concentrations in the lake bottom water are not perfectly conserved within the sediment, so that the signals of earlier climatic conditions are attenuated with time. Thus, the interpretation of the noble gas signals requires an analysis of the transport processes in the porewater. Because noble gases are chemically inert, they are ideally suited as tracers for withinsediment transport.
In this study, the transport of 3 H (as 3 HHO), 3 He, He, Ne, Ar, Kr, and Xe in the porewater is modelled by means of transport equations which are solved numerically. Firstly, modelled 3 H and 3 He porewater concentrations are presented for Lake Zug (Switzerland). The modelling involves a time span of a few decades. The model results are compared with measured 3 H and 3 He concentrations, whereby an estimate of solute diffusivities in sediment porewater is obtained (for experimental details on noble gas analysis in sediment porewater see Brennwald et al., 2003) . Secondly, the hypothetical case of an abrupt shift in the deep-water temperature of a subtropical lake at 10 kyr BP is investigated in order to assess the possibility of using sediment porewater as a noble gas archive of environmental conditions. In this hypothetical case-study, the transport of the atmospheric noble gases in the sediment is modelled on a time scale of several thousand years.
MODEL DESCRIPTION AND METHODS
The transport of nonreactive solutes in lacustrine sediments is modelled using the equations described by Berner (1975) and Imboden (1975) , following the treatment in the latter publication. The model is based on continuity equations for porewater, sediment matrix, and solutes.
Sediment Accumulation and Compaction
We assume that: 1. Bioturbation is absent or does not mix porewater and solids. The mass conservation of porewater and sediment matrix can then be expressed by the following continuity equations (Boudreau, 1986) :
Here, t is time, z is the depth below the sediment surface (positive downwards), is the sediment porosity, | w , | s are the respective densities of porewater and sediment, and U, are the velocities at which porewater and sediment matrix move relative to the sediment surface. Advection velocities U, of porewater and sediment matrix are obtained by integrating Eqns. 1 and 2. This requires the system of equations to be completed by specifying the functions | w (z, t), | s (z, t), (z, t) as well as the initial conditions U(z, t ϭ t 0 ), (z, t ϭ t 0 ) and the boundary conditions U(z ϭ z 0 , t), (z ϭ z 0 , t).
With regard to the densities | w and | s , we assume that: 2. Porewater and sediment matrix are incompressible. Assumption 2 eliminates | w , | s from the continuity equations. This can be shown by substituting into Eqns. 1 and 2 the incompressibility condition that the Lagrangian derivatives of | w , | s vanish, i.e.,
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In this study, the constant values | w ϭ 1000 kgm Ϫ3 and | s ϭ 2500 kgm Ϫ3 were chosen for the densities of porewater and sediment matrix. This is a special case of assumption 2.
It is further assumed that: 3. Compaction is in steady-state. Assumption 3 implies that the porosity profile is independent of time, i.e., Ѩ /Ѩ t ϭ 0. This assumption simplifies the evaluation of equations 1 and 2 and avoids introducing information which is likely to be case-specific and hardly accessible by measurement. Note that steadystate compaction can coexist with a time-variable sediment accumulation rate (Imboden, 1975) , as long as sediment accumulation is slow in comparison to compaction, so that the sediment matrix is approximately in static mechanical equilibrium (Boudreau and Bennett, 1999) .
Porosity was modelled with the simple porosity-depth relationship
where 0 is the porosity at the sediment surface, ‫ء‬ is the terminal porosity value at great depths, and L is an empirical "compaction length". We use the parameter values 0 ϭ 0.95, ‫ء‬ ϭ 0.5, and L ϭ 1 m. These values correspond to a realistic representation of porosity profiles encountered in different lakes. Under these preconditions, Eqns. 1 and 2 reduce to
Thus the volume fluxes of sediment matrix ((1 Ϫ )) and porewater (U) are the same for all z (but may vary with time). In combination with Eqn. 4 it follows that U, approach the depth-independent values U ‫ء‬ (t), ‫ء‬ (t) for z Ͼ Ͼ L (implying that the sediment is thicker than this z). We assume that: 4. There is no externally imposed flux of water through the sediment column.
Assumption 4 implies that the movement of porewater relative to the sediment matrix ceases below the compaction zone, i.e., U ‫ء‬ (t) ϭ ‫ء‬ (t).
Equating the sediment matrix flux at depth z with the flux (z ϭ 0, t) (1 Ϫ 0 ) at the sediment surface, and inserting the definition of the mass accumulation rate (t) ϵ | s (z ϭ 0, t) (1 Ϫ 0 ), we find
Here | s is written as a constant to reflect the choice of a constant | s throughout this study. Similarly, the porewater velocity U can be expressed using the porewater flux at z ӷ L, which yields
Thus, the porosity profile (Eqn. 4) combined with the sediment density | s and mass accumulation rate , determines the sediment and porewater velocities. During compaction, porewater is expelled from the cogenetic solid sediment matrix. Using Eqn. 4, the advection velocity Eqns. 6 and 7 can be integrated to yield the time required for the advective transport of porewater (t w ) and sediment matrix (t s ) to a given depth. The difference between these advection times accumulated over the whole of the compaction zone is
For a sediment accumulation rate of ϭ 1 kg m Ϫ2 yr Ϫ1 and the parameter values specified above, this difference is 2250 yr. The times required for advection to z ϭ L are t w (L) ϭ 1961 yr, and t s (L) ϭ 539 yr, in the same example. Thus, the porewater traverses the compaction zone much more slowly than does the sediment matrix (Fig. 1). 
Transport of Nonreactive Solutes in Porewater
Solute transport within the pore space is described as a combination of advective and diffusive fluxes (Imboden, 1975; Boudreau, 1986 Boudreau, , 1997 ,
where j is the solute flux across the bulk sediment cross section relative to the sediment surface, c is the solute concentration in the porewater, and D s is an effective diffusion coefficient. The effective diffusion coefficient chosen for this study accounts for tortuosity effects through porosity (Iversen and Jørgensen, 1993) ,
where D mol is the molecular diffusion coefficient in free water and n is an empirical parameter which characterises sediment texture. Iversen and Jørgensen (1993) report best-fit values of n ϭ 3 for clay-silt and n ϭ 2 for sandy sediments. We used n ϭ 3 in accordance with the fine texture of lake sediment. The proportionality of D s to D mol indicates that dispersion, usually assumed to be proportional to the relative velocity of water and matrix, is neglected, because the latter is so small. Table 1 summarises the molecular diffusion coefficients of the modelled solutes and the ranges of the effective diffusion coefficients corresponding to Eqn. 10. We use the following continuity equation for solutes
where r is a source term which in the following is nonzero only where radioactive decay comes into play. For 3 He, r ϭ c( 3 H), with c( 3 H) being the concentration and the decay rate of 3 H (analogously, r ϭ Ϫ c( 3 H) for 3 H). For the purpose of this study, ␣-decay of U and Th in the sediment matrix as a source of 4 He was neglected. Combining Eqns. 9 and 11 and using Ѩ/Ѩt ϭ 0 leads to Ѩc
Eqn. 12 does not account for nonlocal transport, such as that caused by irrigation or ebullition. Likewise, by using relation 10 in Eqn. 12, possible additional causes of undirected transport, such as bioturbation, are excluded. Eqns. 9 and 12 further imply that there are no "dead pores", i.e., pores which are disconnected from the continuous pore space by solid sediment, and that the solutes do not adsorb on to the sediment matrix. We therefore introduce the following assumptions: 5. No irrigation or ebullition. 6. No "dead pores" or adsorption.
Numerical Solution of the Transport Model Equations
The advection-diffusion Eqn. 12 was solved according to the Method of Lines (e.g., Schiesser, 1991) . The equation was discretised along the spatial dimension using a flux-conservative scheme. The spatial domain covered a section of the sediment extending from the sediment surface down to a fixed depth. The boundary condition at the sediment-water interface was given as the time-dependent concentrations in the lake bottom water. The unknown lower boundary condition was approximated by assuming a boundary pervious to advection but impervious to diffusion. This approximation is appropriate if concentration gradients near the boundary can be assumed to be small.
The resulting system of ordinary differential equations was integrated with respect to time using the Matlab algorithm ODE15S. The numerical routine for the discretisation and integration of partial differential Eqn. 12 was tested against analytical solutions of simple special cases and shown to give reliable and accurate results.
MODEL APPLICATIONS
Modelling of 3 H and 3 He in Lake Zug Sediment and Comparison with Measured Data
Data
Lake Zug (Switzerland) is a meromictic lake with a maximum depth of 197 m, located at 413 m a.s.l. The mean atmospheric pressure at the lake surface between 1960 and 1990 was 968.2 hPa. On 5 May 2002, samples from depths down to one metre below the sediment surface were collected from a sediment core taken in the northern part of the lake at 116 m water depth. Sediment samples were analysed for porewater concentrations of 3 He, He, Ar, Ne, Kr, and Xe (Brennwald et al., 2003) . Porewater for 3 H analysis was sampled from a second sediment core taken at the same place. The sediment was pushed out of the sediment liner using a piston, whereby no distortion of the sediment was observed. The core was then cut into sections 10 cm long, from which porewater was extracted by centrifugation at 6000 rpm. The 3 H concentrations in these porewater samples were then measured with the 3 He-ingrowth method . Previous studies have demonstrated that the water centrifugated from the sediment has the Jähne et al. (1987) . The diffusivities of Ar and 3 He were calculated from the other noble gas diffusivities assuming that the diffusivity is inversely proportional to the square root of the atomic mass. Note that in the compaction zone, the sediment matrix is transported into the sediment faster than the porewater, while below the compaction zone the sediment matrix and the water move in parallel.
1667 Dissolved noble gases same 3 H concentration as the residual water remaining in the sediment (Stiller et al., 1975) .
The measured noble gas concentrations show a slight depletion relative to the atmospheric equilibrium concentrations. This depletion decreases with the solubility of the respective gas, and has therefore been interpreted as the result of gas stripping into methane bubbles forming in the sediment (Brennwald et al., 2003) . As noted in Section 3.1.2, bubble formation is unlikely to be occurring in situ at the sampling site. However, it is possible that some 3 He was lost when the sample was collected, even though no large gas bubbles were observed during sampling. In that case, 3 He loss would have to be compensated for to obtain the true in-situ concentrations. Because the role of degassing remains fairly unclear, both the raw 3 He data as given in Brennwald et al. (2003) and 3 He data corrected for degassing, as discussed in the same study, were used in juxtaposition in the analysis. Note however that the difference in 3 He concentrations between the two variants is small (Fig. 2) .
The overall uncertainty in the 3 H concentrations was estimated as the standard deviation of the residuals from a linear regression of 3 H on depth (Ϯ1.0 TU). For 3 He the difference in the replicate measurements at 1 m depth (Ϯ2.4 TU-equivalents) was used. The analytical errors are of approximately the same magnitude as the range covered by the plotting symbols.
Modelling
The evolution of 3 H and 3 He concentrations in the sediment of Lake Zug was modelled from 1953 up to 2002 and compared with the measured data described in Section 3.1.1. Of the assumptions mentioned in Section 2, assumptions 1 and 5 (no bioturbation, irrigation or ebullition) deserve special notice in the case of Lake Zug.
In the northern part of Lake Zug, the sediment is laminated, and anoxic conditions have prevailed at the sediment/water interface since about 1960 (Imboden et al., 1994) , indicating the absence of bottom-dwelling animals. Thus bioturbation and irrigation can be excluded.
The concentrations of CH 4 and dissolved CO 2 in the vicinity of the sampling site are about 1 mmol L Ϫ1 each at a sediment depth of 10 cm and drop to a value of about 0.4 mmol L Ϫ1 (CH 4 ) and 0.65 mmol L Ϫ1 (CO 2 ) at the sediment surface. Nitrogen concentrations can be assumed to be close to the atmospheric equilibrium concentration corresponding to the in situ temperature. Since the sum of the partial pressures of these three solutes is far below the hydrostatic pressure at the sampling site and the partial pressures of other solutes are negligible, gas ebullition is unlikely to occur. Imboden et al. (1994) report sedimentation rates from 819 to 866 g Ϫ2 yr Ϫ1 for the northern part of Lake Zug. To obtain a conservative estimate of the importance of advection relative to diffusion, we can use the Peclet number corresponding to the maximal values of porewater advection for a realistic sediment accumulation rate, and the smallest diffusion coefficients occurring in the problem. For the case of Lake Zug, this corresponds to setting U ϭ ‫ء‬ in Eqn. 7 and using the effective diffusion coefficient corresponding to 3 HHO and ‫ء‬ (cf. Table 1 ). Sediment accumulation rates in eutrophic lakes are relatively high, typically around ϭ 1 kg m Ϫ2 yr Ϫ1 (Lotter et al., 1997) .
Using a spatial scale of L Ӎ ͱ2DT, with a time scale T of 40 yr (cf. Fig. 3 ), yields Pe ϭ UL/D ϭ 0.06. A Peclet number this small is a clear indication that solute transport can be adequately described as the result of diffusion alone. Consequently, the advective term in Eqn. 12 was dropped in the computation of 3 H and 3 He profiles. The sediment/water boundary condition required for numerical simulation was supplied by reconstructed historical 3 H/ 3 He concentrations in the water column of Lake Zug (AeschbachHertig, 1994; Holzner, 2001 ). The reconstruction is based on measurements of 3 H concentration in atmospheric precipitation during the 20th century and on 3 H/ 3 He data from water samples collected between 1992 and 2001 in the southern part of the lake.
Figure 3 shows modelled and measured 3 H and 3 He concentrations corresponding to the water depth at the sediment sampling site.
3 He is given as the excess with respect to the atmospheric equilibrium concentration in fresh water at the mean atmospheric pressure pertaining at the lake surface and 4.4°C, the long-term mean deep-water temperature of Lake Zug (Livingstone, 1993) . Since there are no significant sources of 3 He other than atmospheric gas exchange and 3 H decay, the excess 3 He is identical to the tritiogenic 3 He. The solid lines in Figure 3 represent the concentrations obtained by Aeschbach-Hertig (1994) using a complete onedimensional mixing model of the lake water column. This model is fitted to the data by adjusting the model parameters, in particular a depth-dependent turbulent diffusion coefficient and a scaling factor for atmospheric tritium input. Results from this model cover the time span from 1953 to 1993 (vertical line in Fig. 3 ). Concentrations for later times were obtained from an exponential fit to measured data more recent than 1993.
The dash-dotted curves are from an analogous, but much simpler model of the lake. This consists of only two boxes, describing a periodically mixed upper part and a permanently stratified lower part.
3 H exchange via atmospheric water vapour is neglected. The purpose of this model was to establish to what extent the modelled lake water concentrations depend on the choice of a particular lake model, given the atmospheric 3 H input. The close agreement with the more complete model Fig. 2 shows that this dependence is very limited. The 2-box model also showed that, even when accounting for uncertainties in the precise historical 3 H input fluxes to the lake, the measured data suffice to constrain the results to a region very close to the results given by the complete mixing model. Consequently, only the latter results were used in the numerical simulations.
The concentrations of 3 H and 3 He in the lake water (Fig. 3 ) start off at low values and peak around 1970; the 3 He peak is smoothed and slightly delayed with respect to the 3 H peak. After 1970, concentrations taper off approximately exponentially. This is a result of the sharply peaked input of 3 H to the lake from atmospheric bomb testing during the 1960s (Aeschbach-Hertig, 1994) , and the first-order elimination processes of radioactive decay and dilution, which dominate the 3 H and 3 He dynamics.
Numerical Case Study of Climate-Induced Noble Gas Concentration Changes
Unlike the "cold" lakes of the temperate zone, where deepwater temperatures are always close to the temperature of maximum density of fresh water (4°C), the hypolimnetic temperature of "warm" subtropical lakes (e.g., Lakes Titicaca, Tanganyika) is close to the annual minimum atmospheric temperature. Thus, climatic changes, which affect the water temperature during times of intense mixing, are expected to be reflected in the deep water temperatures of "warm" subtropical lakes and in the corresponding noble gas concentrations.
The Pleistocene-Holocene transition in noble gas concentrations in a lake was modelled as a sudden drop from the equilibrium concentrations corresponding to 4°C (temperateclimate lake) to the equilibrium concentrations corresponding to 8°C (warm-climate lake).
The porewater concentrations of the various noble gases were predicted numerically for a period of 10 kyr from the moment of "climatic change", which is comparable to the time that has elapsed since the transition from the Pleistocene to the Holocene. The results of this simulation should therefore help to answer the question of whether the Pleistocene-Holocene climate transition left a "footprint" in the noble gas concentrations in lake sediment porewaters.
Diffusion coefficients were parameterised using the molecular diffusivities at 8°C ( Table 1 ), implying that the temperature change was assumed to affect the whole sediment column right from the start of the simulation. Since heat diffuses much faster than dissolved mass, this is a fair assumption.
For all noble gases, interaction with the lake water was assumed to be the only cause of changes in concentration. In the case of 4 He, this is not realistic because of the in-situ production due to ␣-decay of U and Th and, more importantly, the inflow of terrigenic 4 He from deeper strata. Because the simulated example is designed to illustrate the variation in the concentrations of the different noble gases resulting from different diffusion coefficients, the inflow and emanation of 4 He was ignored, even though these processes can cause 4 He concentrations to differ drastically from the calculated values.
As the sediment porosity in this simulation was parameterised as specified in Section 2.1 (L ϭ 1 m), was constant to within 5% below a depth of 3 m. The sedimentation rate was set to 1 kg m Ϫ2 yr Ϫ1 . This value is typical of eutrophic lakes (Lotter et al., 1997) . In oligotrophic lakes, assuming no significant input of allochtonous sedimentary material, the rate is typically an order of magnitude smaller. The Peclet number for this problem (calculated as in Section 3.1, with T ϭ 10 kyr) is 0.7, showing that advection cannot be neglected because of the relatively high sedimentation rate. In a low-sedimentation lake, advective movement is reduced in proportion to the mass sedimentation rate (cf. Eqn. 7), while diffusion is not directly affected. Thus, in lakes with significantly lower mass accumulation rates (such as oligotrophic lakes with little allochtonous sediment input), the importance of advection would be proportionally reduced.
The thickness of the modelled sediment column was set to 100 m, which is deep enough for the influence of the lower sediment boundary on noble gas transport to be neglected. The offset of the lower sediment boundary due to the growth of the sediment column during the time span modelled (8 m in 10 kyr) was therefore also neglected.
RESULTS AND DISCUSSION
Comparison of 3 H and 3 He Model Results and Data for Lake Zug Sediment
The diffusive character of 3 H/ 3 He transport has the consequence that recent states of lake-sediment interface concentrations affect the "memory" of earlier states stored in the porewater 3 H/ 3 He concentrations, because the corresponding concentration differences give rise to a solute flux that levels out these same differences. Thus, some of the information contained in the boundary conditions is lost during the process of entering the sediment by diffusion. Moreover, any feature embedded in the sediment continually fades with time because of diffusive flattening.
The porewater concentrations of both 3 H and 3 He that were calculated for the end of the modelling period seem to reflect the peak seen in the boundary conditions (solid line in Fig. 3 ; Fig. 4 ), but at different depths:
3 H peaks at about 0.5 m, 3 He at around 2 m depth. Because the 3 H peak is close to the sediment surface, it is particularly sensitive to the boundary condition prevailing near the end of the modelling period. If, for instance, the modelled lake water concentrations according to Aeschbach-Hertig (1994) are extrapolated up to 2002 using the constant 1993 values instead of applying a (physically reasonable) exponential decay, the 3 H peak in the sediment is almost completely masked, while the 3 He distribution is little affected (dotted lines in Fig. 4 ). This behaviour is to be expected, considering that a 3 H pulse will decay due to radioactivity while diffusing into the sediment and thus tend to arrive at deeper layers in the form of 3 He. Thus the signal at some depth will tend to be seen in the distribution of 3 He rather than in that of 3 H. It can be concluded that the 3 He peak in Figure 4 is a robust record of the bomb peak in the 3 H precipitation, while the bomb peak shows up in the 3 H concentrations only because the specific boundary conditions contain no signal other than the smoothed bomb peak.
Moreover, radioactive decay leads to an attenuation of the recorded signal. The reason for this is that the signal is carried into the sediment by 3 H, but lost through 3 He diffusing back into the lake, and into deeper parts of the sediment. Because the 1669 Dissolved noble gases diffusion coefficient of 3 He is greater than that of 3 H, the decay of the signal is more efficient than its formation.
Note that the peak height is only indirectly dependent on the absolute intensity of diffusion. Increasing diffusion would equally affect the creation and destruction of a signal, resulting in a peak of similar height but at greater depth. However, changes in the height of the peak do arise due to the spatial variability of the porosity and of the effective diffusion coefficients.
Modelling the 3 H and 3 He porewater concentrations with the parameter values given in Section 2 yields a poor fit to the data (Fig. 2) . Included in Figure 2 are results obtained by scaling the diffusion coefficients with a constant factor. They show that the fit can be somewhat improved by decreasing the effective diffusion coefficients. In particular, while the modelled 3 He concentrations are consistently too low, the 3 H concentrations resulting from a reduction of the effective diffusion coefficients by a factor four are compatible with the measured values. However, there remains a qualitative disagreement between the measured values and the model results.
The disagreement between model and data can be described phenomenologically partly as an offset with respect to depth. This observation suggests that the fit can be improved by introducing a stagnant water layer directly overlying the sediment, where mixing is suppressed down to the level of molecular diffusion.
Figure 5 (left) shows the result of extending the sediment with a hypothetical layer of stagnant water of 1.75 m thickness (Eqn. 10 with ϭ 1). Effective diffusion was calculated according to equation 10 and then multiplied by a tuning factor of 1.8. These are best-fit values based on a trial-and-error procedure. This model setup gives an excellent fit to the data, but is nevertheless somewhat unsatisfactory: Firstly, effective diffusion in the uppermost sediment layers exceeds that in the free water, even though there is no indication of any mixing mechanisms such as bioturbation, which could be held accountable for this. Secondly, the value of the effective diffusion coefficient in the water layer is not unreasonable, but not physically motivated.
For Figure 5 (right), the effective diffusion within the sediment was adjusted within the framework of Eqns. 4 and 10. The compaction length L (Eqn. 4) was increased to 5 m. Above the sediment, a layer of 7.5 m thickness was added, in which diffusion coefficients increased exponentially from the molecular to the turbulent level, with an e-fold increase every 1.2 m (again, these are trial-and-error values). The result is again in fair agreement with the data, although it seems that D s cannot be made quite high enough to reproduce the data this way.
Both of these simulations suffer from the problem that the thickness of the layer within which turbulent diffusion is suppressed down to near-molecular levels seems to be too large to be realistic. Suppression of turbulence due to chemical stratification does in fact occur in Lake Zug, but near the sampling site, it is limited to summer (Imboden et al., 1994) . In the southern part of the lake, where it is deepest, stagnant conditions are more pronounced and observed year round, but involve a layer only about 15 cm thick at most (Imboden et al., 1994) .
Despite these conceptual deficiencies, the data point to the existence of a process which mediates between the concentrations found in the lake bottom water and the markedly different concentrations found in the sediment. This process can be described in terms of a water layer within which mixing is suppressed. This result is also supported by 4 He measurements in the same sediment samples. The 4 He data from Brennwald et al. (2003) , when corrected for degassing as explained ibid., describe a gradient within the sediment. An extrapolation of this 4 He gradient into the lake intersects with the 4 He concentrations in the open water at a distance of only about 2 m above the sediment. It is unlikely that this offset between the measurements made in the uppermost sediment samples and those made in the lake water is due to systematic error, because the concentrations of the other measured noble gases (Ne, Ar, Kr, Xe) can be explained well as the result of equilibration with the atmosphere at the in-situ temperature (Brennwald et al., 2003) .
As an alternative to the stagnant-water layer assumption, the model as outlined in Section 2 can be changed by abandoning the assumption that the diffusion coefficients of both 3 H and 3 He are modified in the same way within the sediment, so that their ratio equals the ratio of the diffusion coefficients in free water (D 3 He /D 3 H ). The model results are sensitive to the ratio of diffusion coefficients, and can be brought into better agreement with the data by decreasing this ratio. However, there is no theoretical reason for doing so. The reverse would seem likelier, because a smaller effective 3 H diffusion coefficient could be justified by considering the possibility of adsorption on to clay minerals. In conclusion, our understanding of the transport of dissolved matter near the sediment/water interface as represented by the model described in Section 2 seems to be incomplete.
4.1.1.
3 H/ 3 He "Age" as a Measure of Diffusion Torgersen et al. (1977) introduced the 3 H-3 He water age
where c( 3 H) and c( 3 He tri ) are the concentrations of 3 H and tritiogenic 3 He, respectively. We apply Eqn. 13 to the porewater concentrations of 3 H and 3 He in a formal way, meaning that this does not imply the application of the concept of water age to the porewater. The grounds on which this procedure is justified will be clarified below. We substitute c( 3 He) Ϫ c l ( 3 He) for c( 3 He tri ) in Eqn. 13, where c( 3 He) is the 3 He concentration in the sediment porewater, and c l ( 3 He) the 3 He concentration in the lake bottom water. For the special case of constant 3 H and 3 He concentrations at the sediment boundary, constant porosity and negligible advection, there is a simple analytical solution of Eqn. 12, which yields the following expression for :
The subscript 0 denotes the sediment-water boundary, and D 3 H,s is the effective diffusion coefficient for 3 H. D 3 He /D 3 H is the ratio of the molecular diffusion coefficients of 3 He and 3 H; note that the correction factor for reduced diffusion in the sediment given by Eqn. 10 no longer appears in this ratio. Eqn. 14 will be referred to as the steady-state solution in the following. This equation shows that the choice of calculating with respect to the bottom water concentrations is unique. Since the boundary condition requires that c 0 ( 3 He) ϭ c l ( 3 He), this boundary condition vanishes from the steady-state solution, which is now determined solely by the diffusion coefficients. Note that for depths on the order of ͱD3 H,s ⁄ (Ͼ1 m), the exponential term dominates the sum in square brackets, and hence the solution approaches a straight line whose slope is determined by D 3 H,s . The ratio D 3 H,s /D 3 H corresponds to the parameterisation of the effective diffusivity given by Eqn. 10. Figure 6 shows the 3 H and 3 He concentrations and the corresponding values of for the steady-state and time-dependent boundary conditions as calculated using the numerical model. The two cases differ much less in terms of than in terms of the concentrations. The variable is expected to behave like this in systems in which transport is not determined by diffusion-like processes. Under such circumstances, can be interpreted as the time during which the water has been separated from external 3 H/ 3 He sources, i.e., as the water age. In the present case, the sediment porewater is only isolated to some degree from the lake and interacts with the latter through diffusion, and therefore the interpretation of as a water age is 1671 Dissolved noble gases not permissible. However, the similarity of the steady-state and dynamic suggests that is far more sensitive to the diffusion coefficient than to the boundary condition, as Eqn. 14 indicates. Consequently, it should be possible to determine the effective diffusion coefficients, even without knowledge of the timedependent boundary condition, by comparing calculated from measured data to the steady-state calculated from the numerical model. Figure 6 shows that the comparability of the steady-state and dynamic cases is limited to the vicinity of the sediment surface. Near a depth of 5 m, the dynamic case diverges from the steady-state curve, a consequence of c( 3 He) dropping below c 0 ( 3 He). However, this divergence can be expected to occur beyond the limits imposed by measurement error, as the following discussion will show. If from the dynamic simulation is the expected outcome of an actual measurement, the expected error bounds to corresponding to a measurement can be obtained from a linear error propagation for using measurement errors similar to the uncertainty estimated from our data in Section 3.1.1. These propagated errors in become dominant before the "theoretical" curves diverge (Fig. 6 ). The ratio of the contributions of the 3 H and 3 He errors to the total error in according to a linear error propagation is
from which it is evident that at a certain depth (on the order of several ͱD3 H ⁄ ) where c( 3 H) becomes very small, the 3 H errors become dominant. Note that the error in due to measurement errors depends on the absolute 3 H and 3 He concentrations and can thus be larger than in the case described. Figure 7 shows for the data of Brennwald et al. (2003) , together with computed steady-state profiles (for variable ). The latter are least-squares fitted to the data using the raw 3 He values (Fig. 7, left) , and 3 He values corrected for possible degassing as explained above (Fig. 7, right) . Since the real 3 He concentration at the sediment surface, c l ( 3 He), is unknown, and may differ from the 3 He concentration in the open water, it was estimated by extrapolation from a linear regression to the 3 He concentrations measured in the sediment. The fit between data and model is excellent and yields D mol ( 3 H) ϭ 1.1 · 10 Ϫ9 for the original data, or a scaling factor of 0.88 in Eqn. 10. This is remarkably close to the expected value. The fit with the degassing-corrected data is equally good, but yields D mol ( 3 H) ϭ 2.5 · 10 Ϫ9 , or a scaling factor of 1.9 in Eqn. 10, which is less consistent with the expected value. To give an idea of the robustness of the result, Figure 7 includes steady-state curves corresponding to a confidence interval for the estimated c l ( 3 He) on a level of 68% (one standard deviation). The actual is expected to lie within these bounds.
Heavy Noble Gases in Sediment Porewater as
Temperature Tracers Figure 8 illustrates the various modelled noble gas concentrations after the elapse of 10 kyr from the climatic change that led to the assumed temperature shift. Concentrations are plotted as
where c eq is the equilibrium concentration corresponding to the final deep-water temperature of 8°C and c is the relative deviation from c eq in percent. Figure 8 shows that the step from the initial to the final temperature is considerably spread out, whence it is evident that diffusion is again an important transport factor. Because the diffusion coefficients are substance-specific, diffusion leads to an elemental and to an isotopic fractionation of the noble gases. This fractionation would have to be taken into account when deriving temperatures from the noble gas concentrations by commonly used inversion techniques (Aeschbach-Hertig et al., 1999; Ballentine and Hall, 1999) . Because the compaction zone is very shallow in comparison to the spread of the noble gas signal, the existence of compaction seems to be of little consequence to the development of the signal. This is true for diffusive transport, but it should be noted that compaction does affect advective transport (Fig. 1) . If the sediment were compacting to the terminal porosity value of ‫ء‬ ϭ 0.5 immediately after deposition (i.e. L 3 0), the porewater velocity would always be at its maximum value of U ‫ء‬ ϭ ‫ء‬ . Using Eqn. 7, it can be shown that this would amount to an additional advective displacement of 0.9 m in comparison to the case with L ϭ 1 m. With L 3 0 and a much higher terminal porosity value of, e.g., ‫ء‬ ϭ 0.9, the advection velocities of both sediment and porewater would be five times as great as with ‫ء‬ ϭ 0.5. Such a compaction regime would imply an advective porewater movement of 40 m in 10 kyr. If, on the other hand, porosity in the modelled region were higher than in the simulation presented here only because compaction were occurring over a greater depth (i.e., L Ͼ Ͼ 1 m, ‫ء‬ ϭ 0.5), advective displacement would be further reduced in comparison to L ϭ 1 m. Thus the existence of compaction may affect the recording of the signal, for which advection is much more efficient than diffusion. However, this is of little importance in the climate change scenario discussed here, because the archived information is contained in the initial concentrations, which prevail over a long enough time to pervade the sediment column completely. Figure 8 indicates that the climate transition signal in the heavy noble gases Kr and Xe does not propagate as deeply into the sediment as does the signal in the lighter noble gases. Since the equilibrium concentrations of Kr and Xe are also the most sensitive to temperature, it follows that palaeotemperature studies using noble gases in sediments should focus on these heavy noble gases. The Xe concentrations corresponding to 0.1 kyr, 1 kyr, and 10 kyr after the temperature shift (Fig. 8) suggest that temperature reconstruction using Xe (and possibly other heavy noble gases) is feasible even with relatively short sediment cores, if the temperature change occurred within the last 10 4 years. The corresponding archived concentration is expected to be found at depths on the order of 10 m, which are easily accessible using standard sediment sampling methods.
The sediment at depths not yet affected by the temperature change signal acts as a reservoir which maintains the gradient between past and present equilibrium concentrations. When the signal reaches the lower sediment boundary, this gradient can no longer be maintained, and vanishes quickly, resulting in any information about historic equilibrium temperatures being lost. In many lakes, the sediment is not as deep as the 100 m used in this simulation, and has therefore a lower capacity for conserving this information. Thus the depth of the diffusively connected sediment is an important factor in defining the archiving capacity of the sediment porewater.
CONCLUSIONS
Because solutes in sediment porewater are transported chiefly by diffusion in many cases, the transport is also substance-specific. Thus a disparity exists between the recording of the 3 H input signal in the form of tritiated water and the destruction of the recorded signal via the diffusive loss of dissolved 3 He. Consequently, the porewater concentrations of 3 H and 3 He have a relatively poor "memory" of the history of the concentration at the sediment-water interface. The fact that 3 H and 3 He concentrations are weakly dependent on past boundary conditions also represents a practical benefit, in that effective diffusion coefficients can be determined from the steady-state 3 H/ 3 He "age" of the porewater without having any specific knowledge of the time-dependent boundary condition.
The simulation of long-term changes in the concentrations of atmospheric noble gases in sediment porewater shows that the heavy noble gases can record climatically induced temperature changes by virtue of the temperature sensitivity of their equilibrium concentrations, and can conserve this information over a long period of time due to their comparatively lower diffusivity. A similar rationale applies to the reconstruction of parameters controlling atmospheric noble gas concentrations other than temperature (Brennwald et al., 2004) . Knowing the concentrations of the heavy atmospheric noble gases in lake sediment porewaters, it would therefore seem to be possible to reconstruct the palaeoenvironmental conditions prevailing in lakes on timescales of several thousand years.
